Dielectrophoresis can discriminate distinct cellular identities in heterogeneous populations, and monitor cell state changes associated with activation and clonal expansion, apoptosis, and necrosis, without the need for biochemical labels. Demonstrated capabilities include the enrichment of haematopoetic stem cells from bone marrow and peripheral blood, and adult stem cells from adipose tissue. Recent research suggests that this technique can predict the ultimate fate of neural stem cells after differentiation before the appearance of specific cell-surface proteins. This review summarises the properties of cells that contribute to their dielectrophoretic behaviour, and their relevance to stem cell research and translational applications.
Introduction
Dielectrophoresis (DEP) refers to the motion of electrically polarisable particles induced by electric field gradients. It is an established technique which has been previously used to discriminate between distinct cellular identities in heterogeneous populations, notably haemotopoietic stem cells and differentiated derivatives in blood and mesenchymal stem cells in adipose tissue [1] [2] [3] . It has also been used to monitor changes in cell states associated with activation and clonal expansion, apoptosis, necrosis, and responses to chemical and physical agents [4] [5] [6] . In a recent report, Flanagan et al. [7] applied DEP to neural stem cell populations and concluded that the ultimate fate of cells after differentiation can be predicted by distinct changes in their dielectrophoretic properties before the presence of specific cell-surface proteins (antigens) can be detected. This study provides a timely reminder of as yet not fully exploited opportunities which DEP provides to selectively isolate target subpopulations of cells from other cells in suspension, without harm or the need for biochemical labels or other bioengineered tags. In this paper, we identify the properties of whole cells likely to contribute to their dielectrophoretic profile and how this information can be used to benefit stem cell research and translational applications.
Stem cells are immature cells characterised by a varying capacity for growth ("immortal" in the case of embryonic stem cells) and the ability to differentiate into one or more different derivatives with specialised function or maintain their stem cell phenotype (i.e., self-renewal). These capacities can vary depending on the in vivo origin of the stem cell populations, the in vitro environment, and the manipulation(s) to which they are subjected. The dynamic nature of stem cells and their susceptibility to environmental influences establish exacting requirements for technology to monitor, characterise, and manipulate living cells. Ideally, these methodologies should be sensitive (i.e., relatable to individual cells which might be sampled to represent larger populations); rapid and quantitative, providing real-time information on cell identity and fate which could be used to inform production processes; non-or minimally-invasive, so as not to consume or alter the behaviour of the cells being analysed; and scalable, for maximum analytical throughput.
Currently, the most common methods used to quantitatively characterise or positively/negatively select/purify cell populations for research or translational applications include flow cytometry (fluorescence activated cell sorting, FACS) or magnetic bead-coupled cell separation. These methods are dependent on the existence of specific cellsurface antigens and the formulation/availability of highaffinity probes to these antigens. Irreversible attachment of these probes to target cells also has the potential to influence cell behaviour. In the absence of a specific or unique marker or to avoid potentially confounding interactions of probes with cells, and to facilitate achieving the objectives of scalability and noninvasiveness mentioned above, alternative methods are required to identify and manipulate target cells in heterogeneous cell populations. This opens up potentially important applications of DEP as a tool to address an unmet need in stem cell research and therapy.
Dielectrophoresis (DEP)
DEP is the term used to describe the motion of particles when they are exposed to an electric field gradient. Unlike electrophoresis, the particle need not carry an electric charge, and alternating, radio frequency, electric signals rather than direct current voltages are usually employed to energise the electrodes. The factors controlling the DEP behaviour of a cell can be understood by considering first how the imposed electric field polarises the cell, and then evaluating what happens if the electrodes generate regions of high field gradient, characterised by rapid changes of electric potential as a function of distance.
Polarising Effect of the Field.
A cell exposed to an electric field experiences mechanical (electrostrictive) forces arising from induced electric charges that accumulate at the various interfaces defined by the cell's structure, as for example, at the outer membrane of the cell and around structural components inside the cell. The amount of induced charges is small (typically much less than the charges occurring naturally on a cell surface)-but they are nonuniform in distribution and lend to the cell the properties of an electric dipole moment. Thus, although a cell is not polar in nature (i.e., it does not possess a permanent electric dipole moment), the applied field has the effect of polarising the cell into the form of an electric dipole.
We can derive the magnitude of the cell's induced dipole moment by modelling the cell as a sphere of radius r suspended in a fluid of absolute dielectric permittivity ε m . For an applied electric field E, the effective induced dipole moment m eff is given as
where p is the effective polarisability (per unit volume) of the cell [8] [9] [10] . This result takes into account a depolarisation factor of 1/3 to account for the fact that a spherical body distorts an external applied field, and that the electric field inside the sphere differs from the external field. The polarisability term p (known as the Clausius-Mossotti function) has values mathematically bounded by −0.5 ≤ p ≤ 1.0, and is determined by the frequency-dependent conductive and dielectric properties of the cell and its suspending fluid.
A positive value for p will result in a dipole moment that aligns itself with the field. Negative values for p produce dipole moments of opposite polarity, namely, those that align themselves against the field. For DEP experiments on cells, the conductivity of the suspending solution is usually chosen to give a negative value for p at low frequencies, but a positive value at higher frequencies.
Effect of a Field Gradient.
If the applied electric field is uniform, the cell may well reorient so as to minimise the energy of interaction between its induced dipole moment and the applied field, but it will not undergo lateral displacement. A uniform field can be produced between two parallel planar electrodes. If the electrodes are designed to produce a nonuniform field (a metal pin facing a flat metal plate will suffice), a polarised cell will find itself in a field gradient. In this case, there will be a net electrostrictive force acting on the cell, and it will move relative to its surroundings. Depending on the polarity of the induced dipole moment, the cell will either move towards regions of large spatial variation of the electric potential (an effect known as positive DEP) or away from such regions (negative DEP). The largest field gradients always occur at electrode edges, so that positive DEP results in the collection (trapping) of cells at the electrodes, whilst negative DEP results in cells being "pushed" away from the electrodes. Fluid flow can be used to remove the cells that are not trapped by positive DEP at the electrodes, and this is the basis for the selective separation or enrichment of target cells using DEP [1] [2] [3] .
In an alternating current field, the time-averaged DEP force F DEP acting on a cell is thus proportional to the product of the induced dipole moment and the field gradient. This is mathematically expressed as
where the vector symbol ∇ (del) is used to define the field gradient. From equations (1) and (2), we have the following result:
The r 3 term demonstrates that DEP is a ponderomotive effect-a term used to indicate that magnitude of the DEP force is proportional to the cell volume. Equation (3) also reveals an important experimental feature, namely, that the DEP force is proportional to the product of the local field and the local field gradient. The design of the microelectrodes is therefore an important exercise. The field generated should be large enough to polarise the cell with a significant induced dipole moment, but not so large as to cause electrical or thermal damage to the cell. The electrode geometry should also produce a highly nonuniform field to give a DEP force that overcomes the randomising effects of Brownian motion in the surrounding medium, and to cause the cell to move to a desired location. The DEP response exhibited by a typical mammalian cell, as a function of the frequency of the applied electric field, is shown in Figure 1 . In early studies, it was observed that at low frequencies (less than ∼1 kHz) the DEP behaviour is influenced by cell surface charge, implying that the effective polarisability of the cell is dominated by the electrical double layer that surrounds a charged cell [11, 12] . This was validated by neuraminidase treatment of erythrocytes, to reduce charge associated with membrane sialic acid residues, without changing the conductivity and permittivity of the membrane [12] . The integrity of the cytoplasmic membrane was also found to influence the low-frequency DEP response. Saponin treatment of erythroleukaemic cells, which permeabilised the membrane without causing a major loss of cytoplasmic protein, resulted in an increase of the positive DEP response of the cells in the frequency range from 10 Hz to 100 kHz [12] . This implied that the overall conductivity of the cells had increased slightly as a result of the saponin treatment. A transition from negative to positive DEP occurs at a well-defined frequency, f xo1 , commonly referred to as the DEP "cross-over" frequency. For frequencies below f xo1 , the polarisability factor p in (3) is dominated by the high resistance of the cell membrane, and has a negative value. The cell is repelled, under the action of negative DEP, from regions near electrode edges where the greatest spatial changes of the electric potential are generated. For frequencies above f xo1 , the factor p in (3) attains a positive value and the cell is driven towards an electrode edge and trapped there. Theoretical representations of the effective cell polarisability (equivalent to modelling the DEP responses) across a full frequency spectrum are shown in Figures 2-4 . These theoretical analyses employ the double-shell model of a cell, in which a shelled-sphere (the nucleus) is incorporated into a single-shell consisting of the cytoplasm surrounded by (1) and (3), as a function of frequency, for a viable cell suspended in a solution of conductivity 40 mS/m. The modelling employs the double-shell representation of a nucleated cell [13] . The plot is normalized against the polarisability of a conducting sphere of the same diameter. With increasing frequency, the membrane capacitance electrically shorts out the membrane resistance, allowing the applied field to penetrate through the cytoplasmic membrane, and the cell's polarisability approaches that (p = 1) of a conducting sphere. Changes in cell diameter, from 10 μm to 20 μm, alter the polarisability for frequencies below ∼1 MHz.
the cytoplasmic membrane [13] . Shelled models to describe the properties of cells carry uncertainties with respect to variations of cell phase dielectric parameters [14] , but are useful in understanding the main DEP characteristics of suspended cells. Theoretical studies have also indicated that, with all cell phase dielectric properties remaining constant, a change in shape from a sphere to an ellipsoid can result in significant changes of a cell's dielectric properties [15] . However, it is usually the case that when cultured cells are suspended in solution they "round up" into spheres. The shapes (and diameters) of cells are usually noted during DEP experiments, and deviations from a spherical shape are not normally observed in studies of suspended mammalian cells (e.g., [16] ). As shown in Figure 2 , the value of f xo1 is sensitive to the size of the cell, with all other factors remaining constant. We can understand this result by noting that the cross-over frequency f xo1 is inversely proportional to the characteristic time required for the outer cell membrane to fully polarise with its induced accumulation of charges. The bigger the cell, the longer it will take to charge the cell membrane using the fixed ion charge density available in the surrounding electrolyte. A longer period in the timedomain translates to a lower frequency in the frequencydomain. Thus, a large cell will exhibit a lower f xo1 value than a smaller cell, as shown in Figure 2 Polarisability factor (p) Figure 3 : The cytoplasmic membrane exhibits an electrical capacitance, whose value per unit membrane area is proportional to such structural features as membrane folding, microvilli, and blebs, for example. As indicated in this theoretical modelling, and demonstrated experimentally [4] [5] [6] , changes in membrane surface features result in a shift of the DEP cross-over frequency f xo1 . The example shown here, for typical membrane capacitance values, demonstrates the change expected for a doubling of the effective surface "roughness" of the membrane.
a thin dielectric situated between two conductors (the outer and inner electrolytes). The relationship between frequency f xo1 , cell radius r, surrounding electrolyte conductivity σ s and membrane capacitance C m is given by
This equation assumes that the high resistance value of the cell membrane has not been impaired due to damage or the onset of cell death, for example, [4] [5] [6] . For a fixed cell radius, the effective membrane capacitance of a smooth cell will be less than that for a cell having a complex cell surface topography associated with the presence of microvilli, blebs, membrane folds, or ruffles, for example. This will influence the value observed for f xo1 , and this effect is shown in Figure 3 . An important practical application of the influence of cell size and membrane capacitance on the dielectric polarisability of a cell has recently been demonstrated by Holmes et al. [17] , in the form of a microfluidic cytometer that counts white leukocytes and assigns them into the major subtypes on the basis of their electrical impedance (a measure of the membrane capacitance and effective conductance of a cell). As shown in Figure 2 , the second "cross-over" frequency f xo2 at ∼100 MHz should not change with cell size. However, factors such as the cytoplasm conductivity and permittivity, nuclear envelope permittivity, and nucleuscytoplasm volume (N/C ratio) ratio are expected to control the value of f xo2 [18] . A theoretical modelling of the effect of changes of the N/C ratio is shown in Figure 4 . It can be seen that the N/C ratio has a great influence on a cell's polarisability for frequencies above f xo1 , a result reflecting the fact that the dielectric properties of the nucleoplasm and nuclear envelop differ significantly from those of the cytoplasm and cytoplasmic membrane. The modelling for Figure 4 employed the dielectric parameters derived by Asami et al. [13] for mouse lymphocytes. The conductivity of the nucleoplasm (1.35 S/m) is modelled to be larger than that of the cytoplasm (0.32 S/m) because in general the nucleoplasm has a greater hydrated free ion content than the cytoplasm. The nuclear envelope is given a large specific conductance value (1.5 × 10 5 S/m 2 ) to reflect the presence of nuclear pores [13] , whereas the cytoplasmic membrane exhibits a much smaller conductance of ∼100 S/m 2 [18] . For frequencies above ∼10 MHz, the polarisability factor p in (3) is dominated by the permittivity of the various cell components, whilst below this frequency the conductivity terms are dominant [18] . The transition from a positive to negative value of p at f xo2 implies that the relative permittivity of the whole cell becomes less than that (∼70) of the aqueous suspending medium. For the results shown in Figure 4 , the relative permittivity of the nucleoplasm was assigned the value of 52 [13] . Although caution should be exercised in placing too much confidence in theoretical models of a cell, we can understand why the effective relative permittivity of a cell might become less than that exhibited by bulk water by considering the likely dielectric properties of the nucleus. The DNA will exhibit a dielectric dispersion, arising from counter-ion fluctuations over small regions of the molecule [19] , and the protein will exhibit restricted relaxations of polar groups [20] . The fall in permittivity associated with these dielectric dispersions, from a value above to one below that of water, occurs at a frequency below ∼200 MHz [19, 20] . This, together with the influence of "bound" water, will result in an overall relative permittivity for the nucleus material being below that of bulk water at frequencies above ∼100 MHz [16] . We are not aware of reported values for f xo2 , a situation that reflects the fact that commercially available signal generators suitable for DEP measurements are not available for frequencies above around 30 MHz. Our present efforts are directed towards addressing this situation by constructing purpose built equipment. As discussed above, the effective conductivity and permittivity of the whole cell will be a function of the N/C ratio. The ability to characterise and separate cells on the basis of the f xo2 DEP cross-over frequency could therefore be particularly important for stem cell research, because the nucleus-to-cytoplasm (N/C) ratio generally decreases with cell differentiation and maturity [21] . For example, limbal epithelial stem cells exhibit an N/C ratio of 0.82, whilst for peripheral corneal epithelial cells the N/C ratio reduces to 0.17 [22] .
DEP thus offers many distinct advantages as a tool for biomedical applications. In summary, these include the ability to:
(i) monitor changes in cell viability, (vii) process samples at high cell-sorting rates (comparable to or faster than FACS).
All of these attributes can be used to further the basic and applied research of stem cells.
DEP Studies of Stem Cells
The number of reported DEP experiments on stem cells is small. The first studies [1, 2] demonstrated that DEP could be used to enrich haematopoetic stem cells (defined as those expressing the CD34 antigen) from a mixed cell population in bone marrow and peripheral blood, without the requirement for any cell manipulation such as antibody binding. The different cell fractions exhibited a spread of DEP characteristics, suggesting some form of heterogeneity within the CD34 + cell population. The separated cells were viable and data from colony forming assays correlated well with the percentage of CD34 + cells in each collected cell fraction. In more recent work, DEP has been used to obtain populations enriched from putative stem cells, as defined by expression of the stromal marker NG2 from enzyme-digested adipose tissue [3] .
Of particular interest is the recent work of Flanagan et al. [7] . The objective of this study was to determine whether stem cells and their more differentiated progeny can be identified by means other than flow cytometry. DEP was investigated as a potentially nonbiased approach to probe the characteristics of an entire cell without relying on the expression of a certain set of markers on the cell surface. Mouse neural stem/precursor cells (NSPCs) and their differentiated derivatives (neurons and glia) were found to have distinct DEP signatures. Moreover, the DEP signatures were found [7] . Extrapolating this (positive) DEP data to zero cell trapping indicates that these three different cell types exhibit different f xo1 cross-over frequencies. Such differences should enable the selective isolation of these different cell types from each other using DEP (e.g., [1] [2] [3] ).
to distinguish NSPCs from different developmental ages in a fashion that predicted their respective fate biases. This suggests that the developmental progression of progenitor cell populations can be revealed by the cells' dielectric properties. These results also highlight the fact that stem cell differentiation is a gradual process and that cells may begin to develop some characteristics of their more differentiated progeny before known cell surface markers can be detected and well before the cells become fully differentiated. Flanagan et al. [7] also concluded that DEP can be used to quantify the heterogeneity of a population of cells, providing another measure for characterising stem cell cultures. In the Flanagan et al. study, DEP signatures for the neural stem cells were obtained by monitoring the rate at which they collected at the electrodes [7] . Figure 5 highlights the important aspects of these results, to show that the three cell types investigated exhibited markedly different DEP signatures. This can also be deduced by extrapolating for values of the DEP cross-over frequency f xo1 for the cell types. In their DEP experiments Flanagan et al. [7] did not change the conductivity of the cell suspending electrolyte, and cell viability was checked at all times. From (4) we can deduce that the two cell properties responsible for the different characteristics shown in Figure 5 are cell size and membrane capacitance (possibly reflecting differences in cell surface topography [4, 6] ). However, cell size was not determined (or at least reported) by Flanagan et al. [7] , and so we are unable to relate the observed DEP differences to intrinsic properties related to surface properties of the cell membrane. Commitment of stem cells to different lineages is regulated by many cues, including cell shape. For example, it has been demonstrated that human mesenchymal stem cells (hMSCs) allowed to adhere, flatten, and spread out underwent osteogenesis, while unspread, round cells underwent adipogenesis [23] . The shape of hMSCs is also involved in the decision between chondrogenic or smooth muscle cell fates in response to TGFβ3 signalling [24] . It will be important to the DEP characterisation of stem cells to discover to what extent different cell shapes during cell culture translate to different cell surface complexities (e.g., extent of membrane folding or ruffles), and hence different measurable DEP properties after they have rounded up when suspended in DEP measurement media.
Determinations of the DEP cross-over frequencies f xo1 and f xo2 are also important for practical purposes-such as selective cell enrichment. At these cross-over frequencies, the effective dielectric properties of the cell exactly balance those of the suspending medium, so that the DEP force is zero. If we know, and can control the dielectric properties of the suspending medium, we can deduce and also control the DEP behaviour of the suspended cells. This has important implications for applying DEP to characterize and selectively isolate target cells from other cells [18, 25, 26] . Flanagan et al. [7] have reported data relevant to a determination of f xo1 . Advancing to higher frequencies of DEP measurement to determine f xo2 would be another significant step, because now the nature of the cell interior could be explored. This will provide valuable information on such details as the ratio of nucleus:cytoplasm volumes, the presence and number of organelles such as the endoplasmic reticulum and even provide a measure of the overall "internal complexity" of the cell. One might expect these parameters to be lower in stem cells than in their differentiated progeny. These achievable steps will establish the dielectric properties of cells as an important factor to be included in stem cell research.
Opportunity to Apply DEP to Pluripotent Stem Cells
An as yet unexplored opportunity is the application of DEP to pluripotent stem cells (pSCs). Whether derived from embryos of varying stages of development [27, 28] , or induced by expression of nuclear factors in somatic cells [29] , pluripotent stem cell isolation and renewal are significantly challenged by the absence of noninvasive methods to discriminate and specifically promote the growth of this cell type either from limiting quantities of tissue (e.g., embryos) or amidst competing unreprogrammed somatic cells during induction protocols, respectively. This affects the efficiency of their isolation and interferes with the ability to achieve clonal cell lines. The propensity of pSCs to spontaneously differentiate and their unpredictability to commit to specific lineages underlines the need for sensitive and noninvasive methods to monitor and separate cell populations. This is especially the case when coculturing these cells with other cell types (e.g., feeders) supportive of self-renewal and/or differentiation. Alternatively, in a therapeutic context, DEP may provide us with a simple and noninvasive way to positively or negatively select for target or contaminating cell types prior to transplantation.
Conclusion
While as a technology DEP has been available for over three decades, its unique predictive power to define cellular properties on the basis of the motion of electrically polarisable particles is just beginning to be explored in the context of stem cell biology and medicine. The properties exploited by DEP are intimately associated with the cell's dimensions and physico-chemical properties, and the extent to which otherwise invisible differences between cells can be distinguished by DEP has yet to be fully understood. However, the rewards for doing so are great, providing the opportunity to distinguish between subpopulations of cellular phenotypes which is much needed to fully realise the promise of stem cells in regenerative medicine.
